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A. Introduction and ObAective
Quantitative analysis by rocket- and satellite-borne mass spec-
trometers of the atomic oxygen density in the earth's upper atmosphere
is made difficult by the reactive character of the oxygen atoms. These
species can interact with solid surfaces by adsorption, by formation of
oxides, and by catalytic production of molecular oxygen. Hence, the
oxygen atom concentration as seen by a mass spectrometer may be substan-
tially different from its real value in the environment because of atom
removal on the surfaces of the instrument. The objective of this pro-
ject is to elucidate the kinetics and mechanisms of interaction of oxy-
gen atoms with solid surfaces of engineering interest under conditions
similar to those encountered in the upper atmosphere. Such information
will contribute to the quantitative interpretation of atomic oxygen
composition data reported by mass spectrometers in flight.
Our experimental approach employs a reaction vessel in which the
total gas pressure and the entering flux of oxygen atoms are held con-
stant. The rate of interaction of oxygen atoms with a metal surface is
evaluated by observing the diminution in atom flux at the outlet of the
vessel when a specimen of the material of interest is inserted into the
reactor. Results obtained with gold-foil and silver-foil specimens were
described and discussed in Quarterly Status Reports No. 6 (December 1,
1968) and No. 7 (March 1, 1969), respectively. The basis of a refined
analysis of the experi;m.ents together with experimental results obtained
with a titanium specimen were described in Quarterly Status Report No. 8
(June 1, 1969). The result of a preliminary computation with the im-
proved analytical model and atom loss measurements on a specimen of
electroplated gold were presented in Quarterly Status Report No. 9 (Sep-
tember 1, 1969) .
B. Experiments
1. Measurements on Stainless Steel Specimens
A number of investigators 1-3 have sent aloft mass spectrometers
with sampling chambers and adjacent parts fabricated largely from st,ain-
less steel. To evaluate the rate of oxygen atom loss on such a surface,
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We prepared two specimen. of type 302 stainless steel foil, each cut in
the sl tape of a narrow ribbon with a geometric surface area of 23 CM2.
Type 302 is a general purpose, low-carbon stainless steel widely used
for fabrication of vacuum system components. Procedteres described earlier'
were used in mounting each specimen and in determining the atom removal
rate. Hence atom lo ,:s efficiency for this material may be compared
directly with that for other metals we have examined.`t^s
One ribbon (designated I) was vacuum annealed at 800 0C. Initially,
copious quantities of gas amainly H 2O and CO) were liberated from the
heated ribbon. After a few minutes at annealing temperature, the ribbon
acquired a mottled appearance. Upon cooling, the ribbon's original
satin silver sheen had given way to a blue-brown transparent discolora-
tion. In addition, a transparent black deposit appeared on the inside
wall of the reactor.
The flux of st.rviving oxygen atoms with specimen I in the reactor,
relative to that observed without a specimen, averaged 15 1'p. During one
experiment with this specimen, nitrogen was added to the inlet oxygen
supply so that up to 20', of the gas flowing into the reactor was nitrogen.
However, there was no evidence of NO (mass 30) or NO 2 (mass 44) formation,
nor was there any appearance of nitrogen atoms mass 14) above the back-
ground produced in the mass spectrometer ion source.
Specimen I was removed from the reactor and the survival of oxy-
gen atoms was again measured in the presence of the black deposit on the
reactor wall. The value of flux observed was in good agreement with that
obtained under identical conditions before specimen I had been mounted
in the reactor, indicating that the deposit on the reactor wall was quite
inert to chemical or catalytic interactions with oxygen atoms.
After disassembling the apparatus and thoroughly cleaning the in-
terior of the reactor, specimen II was mounted in the reactor and degassed
under considerably less severe conditions than those employed for specimen
I. The stainless steel ribbon was heated to 400 0C for one-half hour. As
with the previous specimen, large quantities of CO and H 2O desorbed, but
in this case no discoloration of the specimen occurred and no deposit
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appeared on the reactor wall.
The fractional surviving flux of oxygen atoms was even lower with
specimen II than with specimen I, averaging 6%. In this case, however,
examination of the mass spectrograms showed an unusually large quantity
Of CO 2 in the reactor effluent. The observed variation of net CO 2 flux
with oxygen atom flux in one set of experiments is shown in Fig. 1.
2. Computer Calculations for Model of Reactor
We demonstrated in our last quarterly report 6 the applica-
bility of our analytical model to reactor geometries with diameter com-
parable to the length. Our efforts to extend the computer program to
include long, slender reaction chambers of practical interest are being
continued.
C. Discussion
It is apparent that the stainless steel specimens employed in our
experiments are efficient sinks for atomic oxygen relative to the noble
metals, gold and silver, and to preoxidized titanium, 6 irrespective of
annealing temperature. However, the mechanism of atom loss on the steel
surface seems to be different for the specimens annealed at different
temperatures. On the surface annealed at 800 0C, the oxygen atoms are
removed either by occlusion or by recombination, whereas they appear to
react with carbon in some form on the surface of the specimen annealed
at 400 0C to form carbon dioxide. The stoichiometry of such a r.-:action
requires the combination of two oxygen atoms with one carbon atom to
form one molecule of carbon dioxide. Consequently, if all the available
atomic oxygen were to react with surface carbon, one would expect a
carbon dioxide flux equal to one-half the incident oxygen atom flux.
The data suggest that such a mass balance does obtain. In Fig. 2,
smooth curves are drawn through the data points for the carbon dioxide
flux and one-half the oxygen atom flux observed in the effluent of
the empty reactor as the total molecular oxygen flux through the re-
actor is increased. These curves represent, respectively, the base-line
residual carbon dioxide in the reactor effluent, and one-half of the
available incident flux of oxygen atoms in the reactor under the speci-
fied conditions of tungsten ribbon temperature and molecular oxygen
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throughput. The sum of these curves (dashed curve in Fig. 2) represents
the resultant carbon dioxide flux if all of the incident oxygen atoms
react to form carbon dioxide. The agreement between this curve and the
observed carbon dioxide data points (open circles) suggests strongly
that this is the fate of the atomic oxygen in this case.
Why the simple differential in annealing temperature imparted
such different surface characteristics to the two specimens is an open
question. Type 302 stainless steel contains a maximum of 0.15% carbon
which is normally combined with the iron and chromium as carbides in a
homogeneous solid solution (austenite). 7 At temperatures greater than
500 0C, the solubility of these carbides diminishes and they precipitate
along grain boundaries. Hence, a stainless steel specimen annealed at
800 0C would possess a different surface structure with respect to carbon
distribution than one annealed at 400 0C. In view of the complexity of
these solid phases, we feel that further speculation on a mechanism of
interaction is without merit.
It is interesting to compare the oxygen atom loss characteristics
of stainless steel specimens in our laboratory apparatus with those ob-
served by Kasprzak, Krankowsky, and Nier z in the upper atmosphere. These
investigators sent aloft on an Aerobee rocket two mass spectrometers;
one with an exposed ion source (termed "open source") and a second with
an ion source situated at the bottom of a cavity connected to the ambient
atmosphere through a cylindrical stainless steel tube (termed "closed
source"). The linear distance from the tube aperture to the ion source
was approximately 5 inches, but the geometry was complex. $ Mass 16 data
obtained during this flight showed that only about 5% of the atomic oxy-
gen reported by the open source spectrometer was seen by the closed
source instrument, indicating a substantial loss of atoms on the wall of
the antechamber. Based on an analysis that assumes a uniform collision
density of atoms on the antechamber wall, these authors suggest that the
stainless steel surface possesses a loss coefficient of 0.14. In view of
the complexity of the geometry, we feel the numerical accuracy of this
value is uncertain. However, the observed loss of oxygen atoms in the
closed source instrument is unequivocal, and the magnitude of the loss is
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not in disagreement with the results of our experiments.
Vurthermore, the nearly identical values of molecular oxygen num-
ber density reported by the two spectrometers in this flight indicate
that the mechanism of atom loss on the stainless steel surfaces was not
by catalytic recombination. Kasprzak 2 stated that there seemed to be no
clear relationship between the observed number densities of atomic oxy-
gen and carbon dioxide, but data obtained in an earlier, similar flight
by Nier and his associates e show that the mass 44 peak was nearly pro-
portional to the mass 16 peak. Such a relationship was cited by
von Zahn" from the data of other investigators also. In the light of
evidence from both flight and laboratory data, we conclude that chemical
reaction with carbon in some form on the suriaee may be a significant
pathway for oxygen atom removal by stainless steel. It is of interest
to note in this respect, that Marsh and his associates ll measured the
reaction rate of gaseous atomic oxygen with graphite and other carbons
at room temperature and observed both CO and CO 2
 as primary products.
D. Practical Conclusion
Since the mode of oxygen atom removal on a stainless steel sur-
face is likely to depend on the prior history of the metal, it would be
hazardous to attempt to make a prediction about it. The nature of the
interaction is important, however, because the appearance of CO 2 may be
the direct product of an oxygen atom-surface reaction, in which case
the magnitude of the CO 2
 signal would provide a basis for correcting the
atomic oxygen signal for surface loss. Consequently, there is no sub-
stitute for an empirical measurement of the kinetics and products of
oxygen atom-surface interaction on stainless steel specimens of composi-
tion and prior treatment identical to those employed for the fabrication
of the antechamber of a flight mass spectrometer. Such procedures can
be obviated, of course, by avoiding the use of exposed stainless steel
surfaces it favor of metals, such as gold, which exhibit no chemical
interaction with gaseous atomic oxygen.
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E. Future Work
Our immediate plans are; (1) to complete development of the analy-
tical model and apply it to our accumulated data; (2) to evaluate the be-
havior of an aluminum specimen in contact with gaseous oxygen atoms;
(3) to investigate the interaction of hydrogen atoms with a gold surface;
and (4) to probe the possibility of passivating catalytically active
metals with silicon monoxide.
F. Personnel
Personnel who have participated in this program during the past
quarter include Bill R. Baker, Henry Wise, and Bernard J. Wood. H. R.
Baker and B. J. Wood attended the Conference on Mass Spectrometric Mea-
surements of Atomic Oxygen at Goddard Space Flight Center on September
8, 1969.
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ESTIMATED MASS FLOW RATE OF OXYGEN ATOMS INTO REACTOR (torr-I/Sec:) x 10G
TA 66382 17
FIGURE 1 CO2 FLOW RATE AS A FUNCTION OF MASS FLOW RATE OF OXYGEN
ATOMS INTO REACTOR. ATOM FLOW RATES ESTIMATED FROM DATA
OBTAINED WITH EMPTY REACTOR
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